Abstract-A novel transcranial magnetic stimulation (TMS) device with controllable pulse width (PW) and near-rectangular pulse shape (cTMS) is described. The cTMS device uses an insulated gate bipolar transistor (IGBT) with appropriate snubbers to switch coil currents up to 6 kA, enabling PW control from 5 s to over 100 s. The near-rectangular induced electric field pulses use 2%-34% less energy and generate 67%-72% less coil heating compared to matched conventional cosine pulses. CTMS is used to stimulate rhesus monkey motor cortex in vivo with PWs of 20 to 100 s, demonstrating the expected decrease of threshold pulse amplitude with increasing PW. The technological solutions used in the cTMS prototype can expand functionality, and reduce power consumption and coil heating in TMS, enhancing its research and therapeutic applications.
. Strength-duration curves linking rectangular PW to electric field strength E and coil energy W for threshold stimulation of neuron with membrane time constant of = 150 s. Curves are normalized to one at PW = 100 s.
PW adjustment, the near-rectangular pulse shape reduces power consumption and coil heating. Thus, cTMS can expand the functionality and improve the efficiency of TMS as a clinical and research tool.
PW control of the TMS stimulus enables response characterization of different neuronal populations and optimization of the PW for various research and clinical applications. For example, the strength-duration curve relates the pulse amplitude or energy for threshold stimulation with the PW (Fig. 1 ) [2] , [3] . The strength-duration curve of a neuronal population can be derived empirically by delivering TMS pulses with different PW while adjusting the amplitude to yield threshold stimulation. The strength-duration curve can be used to estimate neuronal membrane time constants [2] . This time constant depends on the biophysical properties of axonal membranes, which could vary as a function of age, gender, disease state, medication effects, treatment effects, and other factors. Thus, membrane time constant measurement can be a useful clinical and research tool that complements nerve conduction measurements [2] , [4] . Further, membrane time constant measurements can inform neuronal modeling work which can contribute to understanding the mechanisms of TMS.
TMS with adjustable PW could also be used to study and selectively target distinct neuronal populations that overlap in space. For example, in peripheral nerves, the motor threshold is lower than the sensory threshold for brief pulses, whereas it is higher than the sensory threshold for longer stimuli [3] . Similarly, it has been suggested that the ratio of cortical motor threshold to scalp sensory threshold is lower for brief pulses than for long stimuli [5] . Therefore, using briefer pulses could improve the tolerability of TMS by reducing unpleasant scalp sensations. Finally, within a cortical region, cTMS might be able to selectively activate distinct neuronal population possessing different strength-duration characteristics, thereby improving the effective spatial and functional resolution of TMS through selective targeting.
The effect of TMS PW on neuronal activation in the brain and the scalp has not been fully explored due to the relative difficulty in modifying PW in conventional TMS machines. Since the introduction of TMS in 1985 [6] , the stimulator topology has remained largely unchanged. In conventional TMS devices, a capacitor is discharged through the stimulating coil inducing a damped cosine electric field pulse [7] . The circuit topology of a conventional monophasic TMS device is given in Fig. 2(a) , with representative waveforms shown with dashed line in Fig. 3 . Conventional TMS devices use a silicon controlled rectifier (SCR, a type of thyristor) to implement the discharge switch . The switching characteristic of SCRs does not allow them to be turned off at an arbitrary point in time. In particular, once an SCR is turned on by applying a current pulse to the gate terminal, it can be turned off only when the anode current reaches zero [8, Ch. 5] . Thus, the SCR switch can only initiate the pulse but cannot control its PW. In this case, thePWisdeterminedbytheresonantperiod ofthecapacitor and the coil . For all conventional TMS pulse types, the initial electric field phase lasts for seconds, where is the circuit resonant period. Typically, is in the range of 50 to 100 s. For a given coil, the only way to alter PW is to change the capacitance . Most TMS devices have a fixed single capacitance value, precluding PW control. Some newer commercial stimulators offer a choice of two capacitor configurations resulting in two discrete PW settings [9] . However, besides the limitation of only two PW choices in these devices, the PW range is very restricted . Barker et al. modified a commercial monophasic stimulator to use a reconfigurable network of three capacitors allowing a choice of six magnetic field rise times [2] . Barker and colleagues used this device to measure the strength-duration curves of motor cortical and peripheral neurons. This approach still provides only discrete pulse-width adjustment, and requires powering down the system to manually insert connectors configuring the capacitors. Further, implementing this system with electronically controlled switches would be impractical since it would require the use of seven high-power semiconductor devices and/or relays, with up to three switches connected in series in some capacitor configurations. Panizza et al. attempted to study the effect of different PWs by using a set of stimulating coils with different inductances, but failed to observe a significant effect [3] . They pointed out that enlarging the inductance increases the PW, but decreases the amplitude of the induced current. The amplitude reduction tends to cancel out the extended pulse duration, and consequently no effect of PW on neuronal activation was observed. Furthermore, the spatial profile of the magnetic field inevitably varies among coils, and the coils have to be repositioned over the target site, introducing spatial uncertainty.
Besides the limited control over the PW, in existing TMS devices, the pulse is restricted to a damped cosine shape. The progressive discharge of the capacitor during the cosine pulse deteriorates the electrical efficiency since lower voltages are associates with inefficient energy transfer to the coil [10] . In contrast, rectangular pulses provide more efficient energy transfer to the coil, since the capacitor remains at near-peak voltage throughout the pulse, resulting in reduced power dissipation and coil heating, as we demonstrate in Section IV-C. The use of rectangular pulses can substantially benefit high-frequency, high-power TMS applications such as in magnetic seizure therapy (MST), where excessive power consumption and coil heating are presently major limitations [11] . Finally, while the discussion above was illustrated for a monophasic TMS device, the same limitations on PW adjustment and cosine pulse shape apply to biphasic and polyphasic stimulators [7] .
In this paper, we present the circuit topology, implementation, and test results of a cTMS device which, in contrast to existing TMS machines, allows easy PW adjustment over a wide continuous range and produces near-rectangular electric field pulses that improve the electrical efficiency and reduce coil heating.
II. CIRCUIT DESCRIPTION
The basic circuit topology of the cTMS device is given in Fig. 2(b) . It is similar to a conventional monophasic TMS stimulator [ Fig. 2(a) ] with the main difference that the switch is implemented with a semiconductor device such as an insulated gate bipolar transistor (IGBT) which, unlike an SCR, can be turned off from the gate terminal. Switch connects the stimulating coil to the energy-storage capacitor , causing the coil current to ramp up, which, in turn, induces electric field in the brain proportional to the coil current rate of change. By choosing when to turn off , the operator determines the electric field PW. The PW is limited to a quarter resonant period , which corresponds to complete discharge of . For brief PWs , the coil current rise is approximately linear and the induced electric field pulse is near rectangular [see Fig. 3(a)-(b) ]. Thus, by choosing an appropriately large capacitance , a wide range of PW control and near-rectangular initial (positive) phase of the induced pulses can be effected. A further topological difference from conventional monophasic TMS devices is that the freewheeling diode and the energy dissipation resistor are connected across the coil , rather than across the capacitor , to provide a discharge path for the coil current when is turned off. Therefore, after is turned off the coil current decays exponentially, inducing a negative electric field. Through the device controller, the user specifies the voltage of capacitor which determines the amplitude of the induced electric field, and the on-time of switch which sets the PW of the positive phase of the induced pulse.
(
Mathematically, the initial positive phase of the cTMS coil current is an underdamped oscillatory response, and the subsequent negative phase is an exponentially decaying response. The expression for coil current is Parameter is the PW of the positive phase of the pulse, is the combined series resistance of the capacitor, inductor and switch, and and are defined
The induced electric field in the brain is proportional to the rate of change of the coil current. The electric field as a function of time is given in (4), found at the bottom of the page, where is a proportionality coefficient which depends on the number of turns and geometry of the coil, and the electric conductivity profile of the brain. In the limit of small parasitic resistance (4) (required for high efficiency), and large capacitor or brief pulse , the positive phase of the pulse approaches a rectangle (5) From (4) and (5), it can be seen that the amplitude and rate of decay of the negative electric field phase depend on the value of the dissipation resistor . 
III. IMPLEMENTATION

A. Component Selection
While the basic circuit topology of TMS devices is simple, the circuit implementation requires careful component selection, layout, thermal management, and transient suppression, due to the very high operating voltages and peak currents [7] , [10] , [13] . The key circuit specifications of cTMS are given in Table I . These values are within the range of commercial monophasic TMS devices, however the cTMS circuit presents additional implementation challenges due to the forced coil current commutation which enables PW control. A practical implementation of the cTMS topology from Fig. 2 (b) is shown in Fig. 4 , and is discussed as follows.
1) Switches:
To enable PW control, the turn on and turn off of switch have to be controllable from its gate terminal. For the pulse parameters typical in TMS (peak voltage kV, peak current kA, peak switch on-time s), suitable switch choices are IGBTs [14] , [15] , gate-controlled thyristors (GTOs), and GTO-derived devices such as integrated gate-commutated thyristors (IGCTs) [16] . IGBTs are easiest to use due to their simple and fast (1-2 s) turn-off behavior. Therefore, was implemented with a 4500 V/600 A (dc rating) IGBT module (Powerex, Youngwood, PA). These modules can withstand brief pulsed currents of about ten times their dc rating. The voltage rating was chosen to be safely above the peak IGBT collector-emitter voltage appearing during switching transients. The IGBT was switched with a high-voltage optically-isolated gate drive (Applied Power Systems, Hicksville, NY) with output impedance of 4 providing turn-on and -off times of about a microsecond. A custom-made controller sent triggering pulses to the gate drive via an optic cable, with PW set by the user. Free-wheeling diode was implemented with two series-connected fast 1800 V (measured breakdown voltage)/105 A diodes (Semikron, Nuremberg, Germany).
2) Energy-Storage Capacitors: To allow PW control over a significant range and to produce close to rectangular induced current pulses, the cTMS energy-storage capacitors have to be larger than those in conventional stimulators. The maximum capacitor voltage should be chosen to allow suprathreshold stimulation of the targeted neuronal population at the shortest desired PW. The capacitance value should be chosen based on the upper limit of the desired PW range. However, using excessively large capacitance would require large physical dimension of the machine, and will pose safety risks due to the increased energy storage. Longer PWs are also associated with higher currents, mechanical stress, and heating in the stimulating coil. Thus, the targeted operating range of a cTMS device has to be checked against safety and technical limitations.
In the cTMS prototype in Fig. 4 , the energy storage capacitor was implemented with six oil-filled high-voltage pulse capacitors (General Atomics, San Diego, CA) in parallel. Each capacitor had a nominal value of 120 F, and the total measured capacitance was 711 F. The capacitor bank was charged by a Magstim Booster Module Plus paired with a voltage controller from a Magstim Rapid device (Magstim, Whitland, U.K.). Safety of this implementation is addressed in Section III-B.
3) Stimulating Coil: The cTMS device can be used with most available TMS coils (typical inductance range 10-35 H). Whereas in conventional TMS devices, the PW depends on the inductance of the specific coil used, in cTMS, the PW is independently set by the controller. For all experimental results reported here, a Magstim 5.5-cm mean diameter, 15.8 H, air-core round coil was used. 
4) Snubbers:
In cTMS, the coil current is forced to commutate between the energy-storage capacitor bank and the free-wheeling diode when the coil current is at its peak [refer to Figs. 2(b) and 3]. As a result of the forced coil current commutation, the cTMS topology presents a more challenging transient behavior than conventional TMS devices. Careful component selection and layout, as well as the use of snubber circuits is required to minimize and manage the transient energy. Stray inductance in capacitor bank , diode , resistor , and their wiring to switch , as well as the finite switching times of and can cause large voltage spikes and power loss during turn off, which can result in damage to the semiconductor components [8, Ch. 15] , [17, Ch. 11] . Therefore, the wiring and component placement in the cTMS device were arranged so as to minimize the stray inductance. Still, stray inductance cannot be completely eliminated. For example, capacitor bank series inductance of 150 nH with 6-kA current stores magnetic energy sufficient to produce a 23-kV spike on an IGBT switch with 10-nF collector capacitance. Therefore, snubber components were installed in parallel with the energy-storage capacitor bank and the switch to handle the turn-off transient. Snubber capacitor is mounted as close as possible to the collector terminal of to prevent the collector voltage from overshooting during turn off as a result of the parasitic inductance of capacitor bank and the connecting wires. Capacitor is mounted tightly between the collector and emitter terminals of to suppress high-frequency high-voltage spikes. Further, the snubber circuit consisting of , , and transiently absorbs the current flowing through the coil when is turned off, supporting the current commutation to and . Capacitor is not connected directly between the emitter and collector of to avoid large current spikes occurring when is turned on. Diode consists of three series-connected fast-recovery 1200 V/60 A diodes (International Rectifier, El Segundo, CA). Snubber capacitors utilize high-voltage, high-current polypropylene, and paper film/foil capacitors. These capacitors have to be large enough to hold the peak switch voltage below its rated limit. On the other hand, too large capacitance would increase switching losses. Approaches for sizing of snubber components are discussed in the literature (see, e.g., [17, Ch. 11]) .
B. Safety
Single-pulse TMS is considered to be a minimal risk procedure in appropriately screened normal subjects [18] , [19] . Table II compares key parameters related to safety of two commercial monophasic stimulators to the cTMS device. The commercial configurations are the Magstim 200 and the Magstim BiStim which can combine the output of two Magstim 200 devices [7] . For the cTMS device, the extreme case when the full capacitor bank is discharged through the coil is considered. This case is not intended to occur during normal operation of the device, but can happen if switch fails to turn off due to a fault in the controller, gate drive, or the power IGBT itself. It can be seen in Table II that parameters related to safety, such as peak voltage, stored energy, induced current density, and induced charge density do not exceed the values encountered in the conventional configurations. The induced charge density, which is directly linked to tissue damage, is well below the recommended safety limit of 40 C/cm per pulse for all devices [20] . Further, the only component of the cTMS system that comes in contact with the subject is a commercial TMS coil, which has been designed and tested by the manufacturer to provide appropriate high-voltage insulation, heat dissipation, and structural integrity [10] . Finally, the stimulator circuit is mounted in a grounded metal enclosure to ensure electrical safety of the operator and containment of debris in case of component failure. As with all TMS devices, extreme care should be exercised when electrically testing or servicing the cTMS device, due to the potential presence of lethal voltages and charges.
IV. EXPERIMENTAL RESULTS
A. Output
The cTMS device was tested with capacitor voltages up to 1.65 kV and peak coil currents up to 6 kA. The PW range of the initial electric field phase was 5 to 160 s. The experimental measurements of key cTMS switching waveforms are given in Fig. 5 . The voltage at the IGBT collector was measured with a high-voltage probe [ Fig. 5(a) ]. The coil current was measured with a Rogowski current probe (0.4 Hz-16 MHz [12] . The initial capacitor voltage was 993 V. The waveforms associated with PW of 20, 40, 60, 80, 100, and 120 s are overlaid for comparison. As expected, the positive phase of the induced pulse comprises a portion of a cosine wave, which is close to rectangular for brief PWs. The negative phase of the pulse is exponentially decaying. Finally, from the emulated neuronal membrane potential it can be seen that longer PWs produce more membrane depolarization.
B. Switching Transients
As expected, turn off causes a voltage spike and ringing at collector [ Fig. 5(a) ] due to the parasitic inductance of the energy-storage capacitor bank and its wiring (see Section III-A). This parasitic inductance was estimated to be approximately 150 nH. The amplitude of the spike is successfully limited by the snubber capacitors, and does not exceed 10% of the initial voltage. Overshoot and ringing of emitter during turn off is expected as well, due to parasitic inductances and the forward recovery of the freewheeling diode . This behavior can be observed in the search coil waveform [ Fig. 5(c) ]. Due to the snubbers, collector-emitter voltage never exceeds about twice the initial capacitor voltage, and is, thus, well below the 4 500 V rating of the IGBT.
C. Power Consumption and Coil Heating
The power consumption of a TMS device can be expressed as (6) where is the pulse train frequency, is the energy dissipated per pulse, and is the capacitor charger efficiency. The energy per pulse can be measured by subtracting the energy on all capacitors in the power circuit before and after the pulse (7) In expression (7), it is assumed that the capacitor charger is turned off or contributes a negligible amount of charge during the pulse. The stimulating coil temperature is proportional to square of the coil current integrated over the pulse duration, which is sometimes called the load integral [13] (8)
The two integrals in (8) correspond to the coil heating contributions of the positive and negative phases of the electric field pulse, respectively [refer to Fig. 3(b) ].
To compare the efficiency and coil heating of the near-rectangular cTMS electric field pulses to those of conventional stimulators, the cTMS device was reconfigured to produce damped cosine pulses. To accomplish this, the energy-storage capacitor bank was reduced, and was kept on until the coil current decayed to zero, resulting in induced pulses with damped cosine shape identical to that of conventional monophasic TMS devices [refer to Fig. 3(b) ]. Four capacitor configurations (63, 121, 183, and 240 F) were tested in cosine pulse mode, to provide a range of pulse widths (see Table III ). Note that the 183 F configuration closely approximates a commercial Magstim 200 device which has a nominal capacitance value of 185 F [7] . The stimulating coil electric field was sensed with a search coil and the neuronal membrane response was emulated with a filter as described in Section IV-A. For all four capacitor configurations, the initial capacitor voltage , which is directly proportional to the pulse amplitude, was adjusted to obtain equal peak filter voltage ( V), corresponding to equal neuronal membrane depolarization. The energy per pulse for each configuration was calculated with (7) and given in Table III. Note that TABLE III  MONOPHASIC STIMULATOR EFFICIENCY COMPARISON in the cosine-pulse configurations, the energy-storage capacitors are completely discharged; therefore, the second summation term in (7) is always zero. Further, the energy dissipated in snubber capacitors and is not factored in the calculation of since these capacitors are not necessary in the conventional monophasic TMS configuration. Finally, the level of coil heating was estimated by calculating the first integral in (8) which is associated with the positive (depolarizing) phase of the electric field pulse. The load integral values are listed in Table III . The contribution of the negative pulse phase is not included since it depends on the value of the dissipation resistor , which can be chosen arbitrarily.
After completing the measurements of the cosine-pulse TMS configurations, the full cTMS capacitor bank was reconnected. The initial capacitor voltage was set to each of the values used in the cosine-pulse configurations, and in each case the PW was adjusted so that the peak filter voltage equaled that with the cosine pulses ( V). The energy dissipation was calculated with (7), including the energy loss in snubber capacitors and , since the snubbers are essential for proper operation of the cTMS device. As with the cosine pulses, the coil heating was quantified with the load integral over the positive pulse phase in (8). The energy per pulse and the load integral for the cTMS configurations are given in Table III as well. Based on the results in Table III , Fig. 6 provides a comparison of the power dissipation and coil heating for the cosine-pulse and cTMS devices. For clarity, the plots are normalized to the values for the Magstim 200 configuration. It should again be emphasized that all data points correspond to TMS configurations that yield the same amount of depolarization in a first-order low-pass filter model of the neuronal membrane and, therefore, are expected to have the same physiological effect [2] , [12] . For the conventional cosine pulses, the energy dissipation increases for lower capacitor voltages which correspond to larger capacitance values and longer PWs (see also Table III) . These results are consistent with previous studies [2] . For cTMS, the dissipated energy and coil heating are lower than those for cosine pulses with the same initial capacitor voltage by 22%-34% and 67%-72%, respectively. For example, for the same capacitor voltage and, hence, the same pulse amplitude, the near-rectangular cTMS pulse uses 30% less energy and contributes 71% less heat to the coil than the Magstim 200 damped cosine pulse.
It should be noted that the charger was not disconnected during the pulse measurements since it contributed charge of less than 0.1% of the initial charge during the positive pulse Note that all data points correspond to TMS configurations that yield same amount of neuronal depolarization, and, therefore, pulses with larger amplitude have briefer PW (refer to Table III). phase, therefore, not significantly affecting the energy measurement. Finally, the capacitor charger efficiency is not included in the power consumption estimate for either configuration. However, it is reasonable to expect that a properly designed charger supplying a more narrow output voltage range close to the peak voltage, as is the case in cTMS, will have better efficiency than that of a conventional monophasic TMS device where the capacitor is charged up from zero after every pulse.
D. In Vivo Cortical Stimulation
To demonstrate the ability of cTMS to produce cortical stimulation in vivo, the motor threshold (MT) of rhesus monkeys was measured with cTMS for various PW setting. This study was approved by the Institutional Animal Care and Use Committees of New York State Psychiatric Institute and Columbia University. Five male rhesus monkeys [Macaca mulatta, age years, weight kg (mean standard deviation)] were sedated preintervention with ketamine 5.0 mg/kg and xylazine 0.3 mg/kg i.m., followed with ketamine 2.5-mg/kg boluses q45 min as needed to maintain sedation during the procedure. Physiological monitoring included ECG, pulse oximetry, end-tidal , and blood pressure. The TMS coil was placed at vertex with the initial pulse phase inducing clockwise current in the brain. Electromyography was measured with needle electrodes from the left first dorsal interosseous muscle. The MT, defined as the minimum pulse amplitude yielding at least 5 of ten motor-evoked potentials with peak-to-peak amplitude V, was measured at five PWs ( , and s) presented in pseudorandom order. All procedures were well tolerated with no adverse events from stimulation and no change in vital signs. The pulse amplitude corresponding to MT for the five subjects is plotted versus PW in Fig. 7 . As expected, MT increases as PW decreases (refer to Fig. 1 ). These data were used in [1] to estimate the neuronal membrane time constant to be s, which is close to that measured in awake humans, s [2] .
V. DISCUSSION
The cTMS prototype successfully demonstrated PW control by forced commutation of currents up to 6 kA between the IGBT and the free-wheeling diode. With appropriate snubber design, component selection, circuit layout, and wiring, the voltage transients associated with the IGBT turn off did not exceed the ratings of the power-train components. The design could be further optimized to reduce the turn-off voltage overshoots and ringing, while keeping the snubber capacitors in parallel with the IGBT and, hence, the switching losses, reasonably small.
For the near-rectangular cTMS pulse, the power consumption and coil heating are reduced by 22%-34% and 67%-72%, respectively, compared to matched conventional cosine pulses (see Section IV-C). The reason for this substantial performance improvement is that the progressive discharge of the capacitor during the cosine pulse deteriorates the electrical efficiency since lower voltages are associates with inefficient energy transfer to the coil [10] . In contrast, rectangular pulses provide more efficient energy transfer to the coil, since the capacitor remains at near-peak voltage throughout the pulse. Consequently, the cTMS electric field remains at near-peak value during the positive pulse phase (see Fig. 3 ). The steady electric field strength depolarizes the neuronal membrane faster, resulting in briefer PW and lower peak coil current. Further, the cTMS coil current starts to decrease immediately after the neuronal membrane potential has reached its peak. The totality of these factors results in reduced power dissipation and coil heating in cTMS. One limitation of the efficiency measurements in Section IV-C is that, to match the neuronal depolarization effect of the rectangular and cosine waveforms, a simple first-order model of the neuronal membrane response was used. While it has been shown that a first-order model fits in vivo data well [2] , there may be effects of the pulse shape that are not accounted for by the simplified model. Thus, future studies should compare the efficiency of the two pulse shapes using in vivo response matching. Further, the coil heating was estimated from the load integral of the coil current. A direct measurement using temperature sensors should be implemented in the future.
In the presented cTMS circuit topology, the energy returning from the stimulating coil is dissipated in resistor , which results in low electrical efficiency for pulse trains, especially at high frequencies. The cTMS topology can be modified to deposit the coil energy on a capacitor and recycle it during the subsequent pulse, thus reducing power dissipation and allowing repetitive TMS operation at higher frequencies, analogously to conventional rapid-rate biphasic TMS devices. High-frequency, high-power TMS applications such as in magnetic seizure therapy (MST) [11] could particularly benefit from the reduced power consumption and coil heating a of rapid-rate, rectangular-pulse cTMS device. Furthermore, repetitive TMS with monophasic pulses may have a stronger and more selective neuromodulatory impact than conventional biphasic TMS, as suggested by recent studies [21] [22] [23] [24] [25] . Optimizing the tradeoff between transient voltage spikes and switching losses in the power train would be particularly relevant to rapid-rate cTMS devices.
VI. CONCLUSION
We have successfully developed the first TMS device capable of inducing near-rectangular pulses with PW adjustable from 5 to over 100 s. Coil currents up to 6 kA were force-commutated by an IGBT switch with appropriate snubbers, while the resulting transient voltage spikes did not exceed power-train component ratings. The key safety parameters of the cTMS device are within the range of existing commercial products. The rectangular pulses use 22%-34% less electrical energy and contribute 67%-72% less coil heating compared to a matched conventional cosine pulses. Suprathreshold stimulation of the rhesus monkey motor cortex was demonstrated with PWs as brief as 20 s, and the expected inverse relationship between the PW and the threshold pulse amplitude was observed. Thus, state-of-the-art power electronics technology can enhance the functionality and efficiency of TMS, potentially extending its research and therapeutic applications. 
